Three hundred and fourteen male insurance underwriters had near-maximal treadmill exercise tests after having been evaluated for coronary risk factors. Thirty subjects developed ischemic-type S-T-segment depression during or after exercise not associated with anginal pain. The abnormal electrocardiographic response correlated significantly with elevated serum cholesterol, abnormal rest electrocardiogram, and history of cardiac symptoms; but not with smoking, high blood pressure, physical inactivity, or family history of coronary disease.
T HIS STUDY on 314 male insurance underwriters was made with the intent of ascertaining how many persons in an asymptomatic male population would be found to have ischemic electrocardiographic changes provoked by near-maximal exercise. The degree to which the ECG changes might correlate with other known risk factors was sought. Follow-up information over a 2.5 year period was obtained to establish the prognostic significance of the ischemic response. The ultimate aim was to find a method of detecting latent or preclinical coronary heart disease before the onset of the clinical manifestations of myocardial infarction, sudden death, malignant arrhythmia, or angina pectoris in the hope that measures might be instituted with some promise of avoiding the threatened disability or death.
Subjects and Methods
Three hundred and fourteen male members of the Association of Life Insurance Underwriters of Los Angeles County volunteered for the study. The subjects ranged in age from 23 to 82 years, with an average of 48.9 years. The distribution of ages by decades is shown in table 1.
All of the subjects considered themselves to be in good health without symptoms of heart disease, although a few had prior histories of heart attacks or hypertension. They came to the laboratory at least an hour after the last meal. The first hour of the study was devoted to filling out a questionnaire dealing with past health history and physical activity. Information about prior manifestations of diabetes, digestive disturbances, angina, or myocardial infarction was sought. The physical activity questionnaire was a modification and classification of subjects into three groups following their technique. Blood was drawn for determination of the serum cholesterol. The subjects had a resting electrocardiogram and a brief physical examination of the cardiovascular system including auscultatory measurement of the blood pressure, palpation of the carotid arteries, palpation of the precordium, percussion of the cardiac borders, auscultation for murmurs or gallop rhythm, percussion and auscultation of the lungs, and palpation of the abdomen and the foot pulses. If there were no contraindications the subjects were then subjected to near-maximal exercise testing on a motor-driven treadmill while the ECG was monitored by a single transthoracic lead with the positive electrode at the V5 position and the negative electrode at the RV6 position. The ischemic ECG change is defined as at least 1 mm of horizontal or downslanting depression of the S-T segment present either during exercise or in the postexercise recovery period. Recovery was monitored until the heart rate had returned to near the preexercise level, usually about ten minutes.
Description of the Treadmill Test
The test consisted of six stages of treadmill walking lasting 3 min each of increasing work load designed to begin at a low level that could be accomplished by almost anyone, but ending with a high-demand load that could only be completed by a well-conditioned person. The description of the various stages is included in table 2. The first stages were done at a constant upgrade of 10% with walking speeds of 2.0, 3.0, and 4.0 miles per hour (mph). In the next three stages the walking speed was held constant at 4.0 mph while the grade was increased to 14, 18, and 22%. The oxygen cost of each stage of the test included in table 2 was determined by averaging the findings on three normal women and seven normal men.
The difference between a maximal and a nearmaximal exercise test is determined by the instructions given to the subject before the test. If a maximal test is to be imposed the subject is told that he is to continue until he can go no further, that is, to the point of exhaustion. We were fearful that this approach might impair the subjects' cooperation and perhaps cause some dropouts through an unwillingness to exert an allout effort. We therefore explained to the subjects that we were interested in seeing them perform a hard effort that could cause some discomfort, but we did not ask for an effort to the point of exhaustion or collapse. As it turned out the vast majority of the subjects generated pulse rates that came near their predicted maximal pulse rates and well above 85% of maximal, which has been recommended as the target heart rate of submaximal testing.2 A scattergraph of the maximal pulse rates obtained in the testing, along with averages for the age groups by decades, is presented in figure 1 . It shows that our subjects between the ages of 40 and 60 years had heart 
Distribution of Subjects
Tests by Age Groups rates at the end of exercise equal to maximal heart rates reported by various authors and displayed in a graph on page 77 of the report of the Myrtle Beach Conference on Exercise and Heart Disease.3 In our age groups beyond 60 years the maximal heart rates fell off more sharply than those reported elsewhere. We regard our approach as yielding a near-maximal effort rather than a maximal one. The transthoracic ECG signal was watched continuously on an oscilloscope and 6-sec samples were recorded on paper at the end of each minute. In the vast majority of tests the subject stopped exercise because of fatigue, breathlessness, or aching in the calves of the legs. In only two instances was the exercise stopped by the physician administering the test because of the development of numerous premature ventricular beats, some of them successive. Depression of the S-T segment was not a cause for stopping exercise. Only one subject who had S-T-segment depression at the end of exercise complained of slight pressure in his chest suggestive of angina. All the others who displayed S-T-segment depression denied the presence of angina at the end of exercise.
Three subjects were excluded from exercise testing: one because of the discovery of aortic valve stenosis, another because of the presence of deep T-wave inversions in several ECG leads, and the third because of the presence of hypertension, left ventricular hypertrophy, and anticoagulant therapy. Two subjects had amputated lower limbs which precluded treadmill xalking. These were subjected to exercise with the arms by pumping the pedals of a bicycle ergometer with the hands to pulse rates of 130 and 150. Neither displayed ischemic changes in the electrocardiogram.
Results
Of the 309 men subjected to near-maximal exercise testing, 30 had ischemic electrocardiographic changes provoked by the test. The Scattergraph of maximal heart rates of all subjects, according to age, who had near-maximal treadmill testing. Averages for each decade are shown by dotted lines. Dashed line connecting circles represents average of studies by ten authors who have reported maximal heart rates in healthy men. The straight diagonal line connects the midpoints of our averages for the 40 to 50, 60 to 70, and 70 to 80 decades. Target heart rates recommended for submaximal testing are indicated by solid dark lines. distribution of treadmill exercise performances among the subjects is detailed in table 2 and figure 2. Performance is measured by the stage of the treadmill test at which the subject stopped exercising. Although the test consists of six stages of 3 min each of walking at progressively higher work loads, we have added a seventh stage for tabulating those subjects who completed the sixth stage and presumably could have gone on to a greater load had there been one.
The performances may be considered tests of physical fitness. A normal distribution is found about a median of stage four of the test, an effort that corresponds to an oxygen uptake requirement of about 36 cc/min/kg body weight. This is a figure that has been cited by Balke4 as an average maximal 02 uptake for sedentary American males. Figure Average treadmill walking times of normal subjects according to age.
age. The men in their twenties were exceeded by the men in their thirties and forties, but the former group contained only five subjects. The subjects who had ischemic ECGG changes tended to be in the lower exercisetolerance groups, the median performance being in the third stage ( fig. 2 ). There were no ischemic responses found in the subjects below age 40 and there was increasing incidence with age, as shown in figure 4 .
The severity of the ischemic EGG response appeared to require some grading. Clearly the most advanced and undisputedly positive response is the type seen in figure R.M. GRADE I grade 2 the S-T segments are depressed only during or at the end of exercise, with almost immediate return to normal in the postexercise period. Among the 30 subjects who had ischemic ECG responses three were classified as grade 1, five as grade 2, and 22 as grade 3 (table 3) .
All of the subjects who had ischemic ECG responses were asked to return for repeat tests in order to confirm the original finding. All but two returned, and the second tests on all but Examples of grade 1 and grade 2 ischemic electrocardiographic responses to treadmill walking. Treadmill tests are represented in the middle, where each box equals 3 min of treadmill walking at the speed and slope indicated to the left. Heart rate at end of 3-min stage is inside box. Electrocardiograms during exercise are at right of boxes and after exercise above. In grade 1, ischemic S-T-segment depression is seen only after exercise, although J-point depression is present at end of exercise. In grade 2, ischemic S-T depression is present at end of exercise but disappears immediately afterward. one of these subjects were marked by ischemic responses of the same type seen in the original study. One man originally displaying a grade 2 response had a normal response when tested 4 months later. The two subjects who failed to return for the confirmatory test had grade 3 responses of entirely unequivocal pattern.
Correlation with Other Risk Factors
From the history questionnaire, the physical examination, and the resting ECG the incidence of risk factors listed in table 4 was compiled, and the incidence of the risk factors among those with normal treadmill ECG responses was compared with the incidence among those with positive or ischemic ECG responses. The differences were tested by the chi-square method for statistical significance. Results are tabulated in table 4. Cigarette smoking, elevated blood pressure, and family history of coronary disease showed no significant correlation with the finding of an ischemic ECG response to exercise testing. A comparison of those claiming high levels of physical activity with those admitting to low levels of activity revealed a considerably higher incidence of ischemic responses in the low-activity group than in the high-activity group, but the difference did not reach a significant chisquare level.
Elevated serum cholesterol, past history of cardiac symptoms, and an abnormal resting ECG showed high correlation with the ischemic ECG response. There were 20 
Follow-up Information
In the 2.5 years that have elapsed since the completion of the study there have been three coronary deaths among the ischemic treadmill test reactors. One of these was a 50-year-old man who fell dead while jogging, although he had been specifically warned not to run. His double Master's test was negative 2 weeks before his death. There was one other sudden and unexpected death during a business trip. The third death occurred shortly after the subject had developed a severe substernal pain; he expired shortly after arrival at the hospital. Four of the ischemic subjects have survived myocardial infarctions. Two subjects have developed nondisabling angina pectoris on effort. (See table 3 .) Exercise and postexercise ECG patterns of the fatal cases and those who had myocardial infarctions are shown in figure 6 .
Of particular interest is the subject whose performances are shown in figure 7 . This man, who felt himself to be in robust good health capable of playing vigorous tennis and of jogging 1.5 miles per day, had had an excellent response to a supervised physicalconditioning program to the point where he could complete the entire six stages of the treadmill test. Although the ischemic ECG response appeared after training in the fourth stage rather than in the third stage of the test, there was still 4 mm of S-T-segment depression at the end of the test. Postexercise recovery of the ECG was far more rapid at the end of the training program. This man had a coronary angiogram performed by his own cardiologist. We have reviewed these films and have recorded in the illustration a sketch of the angiographic findings. There is complete occlusion of the distal right coronary artery with some collateral filling beyond. There are 60% stenoses in the anterior descending and circumflex coronary arteries.
The patient who dropped dead jogging was found at autopsy to have complete atheromatous occlusion of the right coronary artery, 90% stenosis of the anterior descending, and 80% stenosis of the circumflex coronary arteries.
Thus the follow-up on 30 men with ischemic S-T-segment depression in a near-maximal treadmill test discloses a coronary event rate of 23% in 2.5 years and a mortality rate of 10%. If one adds the subjects who developed angina pectoris and the one who had angiography there is an incidence of 33% of the ischemic responders with coronary artery disease documented in 2.5 years after the tests. There have been no coronary deaths and no coronary events reported among the 281 persons who had normal exercise electrocardiograms, although one man died of aortic stenosis. Calculating from the Taylor et al.5 summary of expected coronary events compiled from the experience of a number of epidemiologic studies, it would be expected that 300 men in the age group encompassed by our study would have had 10 coronary events in 2.5 years, an incidence of 3%. The incidence, then, of 23% of coronary events in the group displaying exercise-induced S-T-segment depression indicates the powerful predictive capacity of this finding. S-T or T-wave abnormalities 5 4 Healed inferior myocardial infarct 1 2 Increased voltage 1 2 Right bundle-branch block Exercise and postexercise electrocardiographic patterns of subjects who subsequently suffered myocardial infarction (MI) or coronary death.
Discussion
Previous investigators have evaluated the exercise electrocardiogram as a predictor of subsequent coronary heart disease in asymptomatic subjects. Using the double Master's twostep test, Mattingly6 and Brody7 elicited 2 to 3% of positive ischemic responses among normal individuals, but they both showed a high incidence of overt coronary disease in the subsequent follow-up years. Beard and his associates8 found an incidence of 8% of positive Master's tests in a series of noncardiac patients Treadmill performances of asymptomatic subject showing excellent training effect, with treadmill performance increasing from 12 to 18 min. Ischemic S-T-segment response persists, but appears at higher work level and is less severe. At right, sketch of coronary arteries as disclosed by selective cineangiography. Dotted segments indicate filling by collateral circulation. RCA = right coronary artery; CX = circumflex coronary artery; AD = anterior descending coronary artery. seen in a private medical clinic; 60o of these patients with positive tests developed clinical coronary disease in 30 months of follow-up. Robb and Marks9 found an incidence of 13.5% of ischemic responses to the double Master's test among persons applying for life insurance. The high incidence is because these were persons who were being evaluated for suspected disease. They found by subsequent follow-up that the risk of those who had the ischemic ECG response was 4.3 times the standard risk, and if the S-T segments were depressed more than 2 mm the risk ratio soared to 15.8 times standard risk. Blackburn, Taylor, and Keys'0 found that when a large number of railroad employees were subjected to a 3-min step test those who developed the ischemic ECG response had Circulation, Volume XLIV, October 1971 three times the incidence of coronary heart disease in the subsequent 5 years as those who had normal responses. Bellet and his associates,"1 using a bicycle ergometer, found an incidence of 10% ischemic reactors in a clinically normal population. Rumball and Acheson12 had normal subjects run down and then up a flight of 66 steps before recording the postexercise ECG and found an incidence of 4.7% of ischemic responders.
Submaximal treadmill testing has been employed by Doyle and Kinch13 in a large population study; subjects walked 10 min at 3.0 mph up a 5% grade. They found an incidence of 3.5% of ischemic responders who were shown on subsequent follow-up to have an 85% probability of developing overt coronary disease in the next 5 Berkson, Stamler, and Jackson14 considered their treadmill test with constant speed but increasing grade a near-maximal test. Among 49 male employees of a Chicago utility company they found 10 subjects who developed ischemic S-T-segment depression during or after exercise. They graded the ischemic response in the same way that we did-after exercise, during exercise, and both during and after exercise-finding just about the same proportion of subjects in the various categories that we found.
Only Doan and his associates,15 under the leadership of Bruce, performed really maximal exercise testing. In their Seattle study of normal men they found an incidence of 7.5% of ischemic responders among a group of 433 volunteer subjects. Only one of their positive responders was below the age of 40 years, and their age-related frequency of positive responders was remarkably similar to our series. In their 3-year follow-up study, reported by Most,'6 there were 13 of 186 subjects who reverted from positive to negative responses, while eight of the original negative responders became positive. It is not stated whether those changes could be related in any way to the habitual activity level of the subjects.
It is clear that the less demanding types of exercise tests yield a low percentage of ischemic responders when normal populations are surveyed. On the other hand, maximal or near-maximal tests have yielded three to four times as many positive responders. Thus the increased sensitivity of the higher-work-level tests is borne out by our study, which yielded 10% of ischemic reactors, and by the high-yield studies of Doan,15 Berkson,14 and Bellet.1" The increased risk of high-work-level testing anticipated by Doyle'3 has not been borne out, since no adverse effects of the test have been encountered in the studies except for one highly unique incident in which a normal subject reported by Bruce et al.'7 suffered an acute myocardial infarction while taking a hot shower following completion of a maximal treadmill test.
The grave prognostic implications of the ischemic S-T-segment depression provoked by exercise has been documented by all the investigators cited in this report with the exception of the Seattle study reported by Bruce and his associates,16 who found no coronary events in a 3-year period following detection of the ischemic response. Perhaps the favorable outcome of his group can be attributed to a sustained training program followed by the majority of his subjects. In our series the documentation of coronary disease in 33% of our positive reactors in a 2.5year period strongly supports the unfavorable outlook for persons with this finding.
The implication of our study and the others cited is that it is probable that approximately 10% of the male population over the age of 40 years have obstructive lesions in their coronary arteries that have rot yet led to symptomatic heart disease but are nevertheless functionally significant. They might be thought of as having silent angina pectoris (an obvious contradiction in terms) since their ECG responses resemble in every way the patterns seen in patients with angina of effort.'8 These very high-risk persons would appear to be detectable by near-maximal exercise testing with ECG monitoring. If these high-risk persons were known, preventive measures might be taken. Certainly dietary control of obesity and blood cholesterol levels, avoidance of cigarette smoking, blood pressure control, and judicious application of an appropriate exercise program would constitute prudent measures for reduction of risk factors.
